The analysis of receiver-operating characteristics (ROCs) has played a critical role in the development of memory theories for several decades. An ROC is the function that relates hits (i.e., correct recognitions) to false alarms (i.e., incorrect recognitions). In the early 1960s, the examination of ROCs revealed that the relation between hits and false alarms was almost always nonlinear, and this led many researchers to reject an entire class of linear "threshold" models (see Murdock, 1974) . Although almost all of the current memory models now produce curvilinear ROCs, Ratcliff, Sheu, and Gronlund (1992) have recently shown that none of the current models, including distributed and localized storage models, provide an adequate account of the observed ROCs. In response to these findings, a dual-process model was developed that could account for the ROC data (Yonelinas, 1994) . The model assumes that recognition judgments can be based on the assessment of a continuous familiarity dimension (as is assumed in most other models) but that an independent recollection process also contributes to performance. In the present paper, I examine the necessity of postulating a recollection process in recognition memory and test a number of predictions based on the dual-process model by examining recognition ROCs for item and associative information.
The analysis of receiver-operating characteristics (ROCs) has played a critical role in the development of memory theories for several decades. An ROC is the function that relates hits (i.e., correct recognitions) to false alarms (i.e., incorrect recognitions). In the early 1960s, the examination of ROCs revealed that the relation between hits and false alarms was almost always nonlinear, and this led many researchers to reject an entire class of linear "threshold" models (see Murdock, 1974) . Although almost all of the current memory models now produce curvilinear ROCs, Ratcliff, Sheu, and Gronlund (1992) have recently shown that none of the current models, including distributed and localized storage models, provide an adequate account of the observed ROCs. In response to these findings, a dual-process model was developed that could account for the ROC data (Yonelinas, 1994) . The model assumes that recognition judgments can be based on the assessment of a continuous familiarity dimension (as is assumed in most other models) but that an independent recollection process also contributes to performance. In the present paper, I examine the necessity of postulating a recollection process in recognition memory and test a number of predictions based on the dual-process model by examining recognition ROCs for item and associative information.
I will begin by describing the existing ROC data and show why it raises problems for current models; then I will describe the dual-process signal detection model and show how it accounts for the existing data. I will then discuss an unequal-variance signal detection model that is also in general agreement with the ROC data, and contrast it with the dual-process model. I will then test the two models by examining ROCs for item and associative information in three recognition memory experiments.
Recognition Memory ROCs
One of the most direct ways of testing theories of recognition memory is to determine whether they can accurately account for the relationship between hits and false alarms (i.e., ROCs). ROC data can be collected in several different ways, but typically subjects are required to rate the confidence of their recognition judgments, and performance is plotted as a function of response confidence. For example, the first point on the function is determined by adopting a very strict response criterion; only the most confident "yes" responses are included as hits and false alarms. The second point reflects a slightly more relaxed response criterion; the most confident "yes" responses as well as the second most confident "yes" responses are treated as hits and false alarms. By examining performance at a number of different levels of response confidence, one can plot the ROC and the relationship between hits and false alarms can be studied.
Recognition memory ROCs tend to look like those presented in the left panels of Figures 1b and 1c . The functions increase gradually in a curvilinear manner, and they approach the 1,1 intercept. The ROCs are curvilinear, and they are typically asymmetrical along the negative diagonal (compare Figures 1a and 1b) . Importantly, the degree to which the curves are asymmetrical varies across different experimental manipulations. To measure the asymmetry one can replot the ROCs on z-coordinates (z-ROCs) and es-
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Copyright 1997 Psychonomic Society, Inc. timate the slope of the function (see the ROCs in the right panels of Figure 1) . A perfectly symmetrical ROC, like that in Figure 1a , will have a slope of 1.0 in z-space, and asymmetrical curves like that in Figures 1b and 1c will have a slope of less than 1.0. Recognition memory ROCs typically have slopes around .8, but they can vary from .3 to close to 1.0. The z-ROC is often used to measure memory sensitivity (i.e., d′ ϭ intercept/slope).
The symmetry of the observed ROCs tends to vary systematically. In some cases, the ROCs become more asymmetrical as performance increases. This would be reflected in z-space as an increase in the intercept accompanied by a decrease in slope. Variables that lead to an increase in intercept and a decrease in slope include study-test lag (Donaldson & Murdock, 1968) , word frequency (Glanzer & Adams, 1990; Ratcliff, McKoon, & Tindall, 1994) , word concreteness, and word decoding (Glanzer & Adams, 1990) . Changing list length tends to have similar effects (Gronlund & Elam, 1994; Ratcliff, et al. 1994; Yonelinas, 1994 ; note that in the Ratcliff et al. [1994] experiment and in one of the experiments in Gronlund & Elam [1994] , the slope did not change significantly).
Other manipulations increase performance but do not influence the symmetry of the function. For example, increasing study duration increases the intercept but does not have any noticeable effect on z-ROC slope. Ratcliff et al. (1992) , Ratcliff et al. (1994) , and Yonelinas (1994) found that increasing study time led to an increase in the intercept, but the slope remained constant at approximately .8. Similarly, Egan (1958) reported that performance was greater for items presented twice at study than for those presented once, but that the slope for both curves was constant at approximately .7. Finally, Yonelinas and Jacoby (1995) examined the effects of changing the size of random shapes between study and test on recognition memory and found that changing size was associated with a decrease in intercept but that slope remained constant at approximately .8.
In summary, the recognition ROCs are curvilinear and asymmetrical. Moreover, the symmetry (i.e., slope) changes across some manipulations but not across others. This pattern of results proves to be difficult for current memory models to account for (see Ratcliff et al., 1992) . For example, TODAM (Murdock, 1982) predicts that as performance increases, the ROC slope will remain relatively constant and very close to 1.0. In contrast, SAM (Gillund & Shiffrin, 1984) and MINERVA2 (Hintzman, 1986) predict that as performance increases, the slope should decrease. None of these models can account for the full range of observed ROCs. However, the results are in agreement with a dual-process model. I will first describe the evidence in favor of dual-process theories in general and then describe the dual-process model that accounts for the recognition ROC data.
Dual-Process Theories
Dual-process theories of memory postulate that two qualitatively different processes or systems underlie memory judgments (e.g., Atkinson & Juola, 1974; Jacoby & Dallas, 1981; Mandler, 1980) . Evidence in support of dualprocess theories thus comes from observed dissociations between performance on direct and on indirect tests of memory (for reviews, see Richardson-Klavehn & Bjork, 1988; Roediger & McDermott, 1993) . Similar evidence comes from recognition memory studies, in which dissociations are observed between judgments based on the assessment of familiarity and those based on the recollection of qualitative information about the study event.
A dramatic example of such a dissociation comes from the study of amnesic patients, who are able to make recognition judgments based on assessments of familiarity, but are impaired on recognition judgments requiring recollection (e.g., Huppert & Piercy, 1976; Verfaellie & Treadwell, 1993) . Similarly, aging leads to a selective deficit in recollection (Jennings & Jacoby, 1993) . Moreover, increasing memory load (i.e., list length) interferes primarily with recollection (Yonelinas, 1994; , and recognition judgments based on recollection tend to be slower than those based on familiarity (Atkinson & Juola, 1974; Mandler & Boeck, 1974; Toth, 1996; .
The two processes have also been found to differ in terms of their phenomenological and electrophysiological correlates. Recollection is accompanied by the awareness of qualitative information about the study event. Familiarity, on the other hand, is not associated with this type of awareness but rather reflects a sense of oldness or fluency. Tulving (1985) developed a procedure in which subjects were asked to introspect about their recognition responses and respond remember whenever they recollected qualitative information about the study event in which the test item was previously studied, and know whenever they recognized an item on the basis of its being familiar and not recollected. Subjects have been found to report on these processes systematically, and the two types of reports are dissociated across numerous variables (see Gardiner, 1988; Gardiner & Java, 1993; Tulving, 1985; however, see Donaldson, 1996; Yonelinas & Jacoby, 1995) . Recent electrophysiological studies have shown that recollected test items are accompanied by evoked related potentials (ERPs) that are distinct from those evoked by items accepted on the basis of familiarity (Düzel, Yonelinas, Mangun, Heinze, & Tulving, 1997; Smith, 1993; Wilding & Rugg, 1994) .
Most important for the present study is that familiarity appears to reflect the assessment of a continuous dimension, whereas recollection reflects a relatively discrete retrieval process. Yonelinas (1994) used the process dissociation procedure (Jacoby, 1991) to estimate the contribution of recollection and familiarity to recognition memory performance and found that familiarity increased gradually as response criterion was relaxed. However, judgments based on recollection (i.e., subjects could recollect the source of the memory) led to very highconfidence recognition responses that remained relatively constant as a function of response criterion. On the basis of the ROC results, a dual-process signal detection model was developed.
The Dual-Process Signal Detection Model
The dual-process signal detection model assumes that familiarity is well described by signal detection theory (for discussions of signal detection theory, see Banks, 1970; Green & Swets, 1966; Macmillan & Creelman, 1991; Murdock, 1965; Swets, Tanner, & Birdsall, 1961; Wickelgren & Norman, 1966) . The idea is that new items will vary in their preexperimental familiarity in such a way that the familiarity values form a normal distribution. Studying items will increase the familiarity of those items, so that, on the average, they will be more familiar than the new items. However, the old and new item distributions overlap, so subjects must set some response criterion and accept the most familiar items as old. Subjects can vary their response criterion on familiarity and increase or decrease their hits and false alarms.
Subjects, however, are not limited to assessments of familiarity. If they can recollect information about the study event, they can use this as a basis for recognition judgments. Recollection is assumed to be a discrete retrieval process, such that the subject either retrieves or fails to retrieve a specific aspect of a study event. Subjects, of course, can recollect different aspects of the study event, such as information about the physical context or what they thought about when the item was studied. However, when recollection occurs, it is expected to lead to a highconfidence recognition judgment. The simplest way of describing such a process is to treat it as a threshold process, and thus recollection can be measured as a simple probability.
Recollection and familiarity are assumed to serve as two independent bases for recognition judgments (for a discussion of the independence assumption, see Cowan & Stadler, 1996; Jacoby, Toth, & Yonelinas, 1993; Jacoby, Toth, Yonelinas, & Debner, 1994; Jacoby, Yonelinas, & Jennings, 1997; Joordens & Merikle, 1993) . Thus, the probability of recognizing an old item is equal to the probability that it will be recollected (R o ), plus the probability that its familiarity exceeds the response criterion (F o ), minus the probability that the item is recollected and familiar:
The probability that a new item will be incorrectly accepted as old will be equal to the probability that its familiarity exceeds the response criterion:
Equations 1 and 2 can be combined to form a single equation that relates the hit rate to the false alarm rate. Given Equations 1 and 2,
thus,
Familiarity is assumed to reflect a signal detection model of the type that underlies standard d ′ tables (e.g., Elliott, 1964) , and thus the new and old item distributions are assumed to be normal and to have the same variance. This means that F o and F n will be a function of d ′ (the distance between the means of the means of the old and new item distributions) and c (the response criterion). If the familiarity distributions are normal and of equal variance, then
These functions represent the proportion of the target and lure distributions that exceed the response criterion (c), given that the distance between the means of the two normal distributions is d ′.
If the model is correct, memory performance (e.g., the ROC) will be highly constrained. If recognition judgments are based on familiarity alone (i.e., R o ϭ 0), the ROC will look like Figure 1a . The function increases gradually toward 1,1, and it forms a curvilinear function that is symmetrical along the negative diagonal. In contrast, if recognition judgments are based on recollection alone (i.e., d ′ ϭ 0.0), the ROC will look like Figure 1d . Recollection will put a lower limit on the hit rate, and the function will increase in a linear fashion toward 1,1. If recollection and familiarity contribute to performance, the predicted ROC will look like Figure 1b . The ROC is curvilinear and increases toward 1,1, but it is asymmetrical along the negative diagonal.
The Dual-Process Model and Recognition Memory ROCs
The dual-process model is in agreement with the existing recognition ROC data, and recent studies have shown that there is a direct relationship between the shape of the ROC and the measured contribution of recollection and familiarity. The model predicts that because recollection and familiarity contribute to performance, the ROCs should be curvilinear and asymmetrical, as is usually the case. Familiarity leads to a symmetrical ROC, but recollection will increase the hit rate and push the ROC up, resulting in an asymmetrical ROC (i.e., the slope of z-ROC will be less than 1.0). Moreover, as long as familiarity remains relatively constant, then increasing recollection will lead the ROC to become less symmetrical. Thus the model can account for the finding that an increase in overall performance can be associated with a decrease in the slope of the z-ROC. If, however, both recollection and familiarity increase together, overall performance will increase but the slope of the z-ROC will remain relatively constant. Increasing recollection will tend to force the ROC to become more asymmetrical; increasing familiarity, however, will tend to force the ROC to become more symmetrical (for a detailed description of the model's predictions, see Yonelinas, 1994 ). Thus the model can account for the observation that ROCs are often asymmetrical and that increases in performance can be accompanied either by a decrease in symmetry or by no change in symmetry.
Further support for the model comes from studies showing a direct relationship between the processes underlying recognition judgments and the shape of the ROCs. For example, when recollection and familiarity were estimated with the process dissociation procedure, shortening list length was found to lead to an increase in recollection, but familiarity was left relatively unaffected (Yonelinas, 1994) . As the model predicted, the increase in recollection associated with shortening the list length led to an increase in overall performance and a decrease in the slope of the z-ROC. In contrast, in a subsequent experiment, an increase in study duration was found to increase both recollection and familiarity, and this led to the predicted increase in performance accompanied by no change in the slope of the z-ROC. Finally, the model was found to provide accurate quantitative predictions for the slopes and intercepts of ROCs on the basis of simple yes/no responses.
In a related study, subjects were asked to report when they could recollect having seen items in the study list (Yonelinas & Jacoby, 1995) . Changing the size of random geometric shapes between study and test led to a decrease in both recollection and familiarity. As the dualprocess model predicted, an ROC analysis showed that as overall performance decreased, the slope remained constant. Thus, not only can the model produce the observed pattern of ROCs, but it accurately describes the relationship between the shape of the ROC and the estimated contribution of recollection and familiarity.
Can the Recognition Data Be Accounted for Without Introducing Recollection?
An alternative way of accounting for the ROC data is to use the standard signal detection model but to assume that the variance of the old-item distribution can vary independently of memory sensitivity (d ′ ). If the old-item variance is greater than the new-item variance, the ROC will become asymmetrical, and the slope of the z-ROC will drop below 1.0. This unequal-variance signal detection model can thus account for any intercept ϫ slope relationship, because it has one free parameter for sensitivity and one parameter that influences slope. An example of the predicted ROC for the model is presented in Figure 1c . Note that this model does not make predictions regarding the relationship between the shape of the ROC and recollection and familiarity, but it can be used to describe the ROC data.
A comparison of Figures 1b and 1c shows that the unequal-variance signal detection model can produce an ROC that looks very much like that predicted by the dual-process model. However, there are subtle differences between the two models. Because the dual-process model assumes that there is a threshold process (i.e., recollection) that contributes to performance, it predicts ROCs that are slightly flatter than those predicted by a signal detection process alone. Although the differences are small, they are slightly more noticeable when one examines the z-ROCs; the dual-process model predicts a slight U-shaped z-ROC in comparison with the unequal-variance signal detection model, which predicts a straight line.
Previous studies of recognition memory have shown that discriminating between these two models in recognition is quite difficult (Yonelinas, 1994; Yonelinas, Dobbins, Szymanski, Dhaliwal, & King, 1996) . However, there are conditions under which it is possible to discriminate between the models. The difference between the models should become quite pronounced under conditions in which the contribution of familiarity is very small and the contribution of recollection is large. The dualprocess model predicts that in a task that relies solely on recollection, the ROCs should be linear. When the ROC is plotted in z-space, the function should exhibit a noticeable U-shape (see, e.g., Figure 1d ). The unequal-variance signal detection model, on the other hand, predicts a curvilinear ROC and a z-ROC that should always be linear. The present experiments were designed to explore the possibility that tests of associative recognition rely primarily on recollection, and that ROCs for this task will be linear (and thus the z-ROCs should be U-shaped). The ROC analysis should provide a way of discriminating between the dual-process model and the unequal-variance signal detection model.
Tests of Item and Associative Information
In all of the previously mentioned ROC studies, memory for item information was tested. That is, subjects judged whether an item had been presented earlier. In the present study, the dual-process model was tested by examining ROCs for recognition of associative information. In tests of associative recognition, subjects must remember which items were paired together in a previous study list. Typically, subjects study a list of word pairs followed by a recognition test containing intact and rearranged pairs. The subject's task is to respond positively to intact pairs and negatively to rearranged pairs.
Recognition memory for associative and item information has been found to differ in several ways. Gronlund and Ratcliff (1989) found, for example, that the information required in order to make item judgments was available earlier than that required in order to make associative judgments. Moreover, Hockley (1991) found that, as the number of items between study and test was increased, memory for item information decreased much more rapidly than memory for associative information. As well, in recognition memory there is an advantage for low-over high-frequency words, yet in tests of associative recognition, there is either no word frequency effect (Hockley, 1994) or an advantage for high-over lowfrequency items (Clark, 1992; Clark & Shiffrin, 1992) . Finally, in indirect tests of memory, amnesics exhibit disproportionate deficits in memory for associative information. Although amnesics can show memory for words and related word pairs (for a review, see Richardson-Klavehn & Bjork, 1988) , severe amnesics exhibit a marked reduction in indirect memory performance for pairs of unrelated words (see, e.g., Schacter & Graf, 1986) .
Why is item recognition dissociated from associative recognition? One possibility that is explored in the present study is that the two types of tasks rely differentially on recollection and familiarity (for related suggestions, see Anderson, 1974; Clark, 1992; Clark & Gronlund, 1996; Hockley, 1992; Humphreys, 1978; Wolford, 1971) . Tests of item information may rely on recollection as well as assessments of item familiarity. That is, subjects may recollect information about the study event or they may accept the item as old because it is familiar. Tests of associative information, on the other hand, may rely primarily on recollection. Because each of the items in the old and rearranged pairs has been studied, it is likely that both types of pairs will be familiar, and thus familiarity will be of little use when one discriminates between old and new pairs.
The notion that tests of item and associative information rely differentially on recollection and familiarity was tested by examining ROCs. Although a great deal is known about the nature of ROCs for item information, relatively little is known about ROCs for associative information (for an examination of ROCs for intact vs. rearranged pairs in a short-term memory task, however, see Murdock, 1965 Murdock, , 1974 . The aim of the present study was to contrast ROCs for item and associative information under standard recognition memory conditions.
If tests of associative information rely on recollection, yet tests of item information rely on both recollection and familiarity, the ROCs for item and associative information should be quite different. The dual-process model predicts that judgments based on recollection and familiarity should produce curvilinear ROCs. In contrast, judgments based on recollection alone should produce linear ROCs. These predictions were assessed in Experiments 1-3 by examining recognition ROCs for item and associative information. If item judgments rely on recollection and familiarity, the ROC should be curvilinear. In contrast, if associative judgments rely on recollection alone, the ROC should be linear. In z-space, the ROCs should exhibit a slight U-shape. In item recognition, in which both recollection and familiarity contribute to performance, the curvilinearity (i.e., U-shape) is not expected to be large (see Figure 1b) ; in associative recognition, however, the U-shape should become more noticeable (see Figure 1d) .
If, on the other hand, item and associative recognition rely on a signal detection process alone (i.e., an unequalvariance signal detection model), the ROCs should always be curvilinear. This means that in z-space, the ROCs should be linear, regardless of the task. Finding a U-shaped z-ROC would support the dual-process model and contradict the signal detection model.
Recollecting New Pairs as New
In addition to contrasting the shape of the item and associative ROCs, the present study is intended to test one of the more intuitively appealing aspects of threshold theories. The notion is that subjects may be able to recollect that some test pairs (or test items) were not in the study list. That is, subjects may sometimes correctly call a rearranged pair of words new because they recollect that the words were not paired together in the study list. For example, imagine that the rearranged pair A-F was presented at test, and the subject could recollect that A was paired with B at study. If each study item was paired with only one other item, the subject could use recollection to conclude that A-F was not in the study list. In this way, subjects could recollect that rearranged pairs were new and avoid false alarming to those pairs.
Subjects might also recollect that new items were new. For example, after studying a short list of words, one would likely not false alarm to one's own name if it appeared in the test list. However, in typical lab tests of recognition, differences between old and new items are strictly controlled, and words are most often selected from a homogeneous pool. Thus, recollection of new items as new may not play a large role in standard recognition memory tests. I will return later to evidence in the present studies suggesting that subjects do not often recollect new items as new.
The possibility that subjects can recollect new pairs as new cannot be accounted for by the dual-process model described earlier. To do so, it is necessary to generalize the model by introducing a term to represent the probability that a new pair is recollected as new. The probability of recognizing an old pair will remain the same as the original dual-process equation (Equation 1); the probability of accepting a new pair as old, however, will be equal to the probability that it is sufficiently familiar and that it was not recollected as new (1 Ϫ R n ):
The notion behind the equation is that if a subject does recollect the pair as new, the subject would not false alarm to it. By combining Equations 1 and 4, memory performance can be described as:
The equation is somewhat unwieldy, but if familiarity does not contribute to recognition performance, F o ϭ F n and the terms can be replaced by a guessing term (G). Doing so, the model reduces to a simple linear equation:
The equation reflects a threshold model in which the y-intercept is equal to R o and the upper x-intercept is equal to 1 Ϫ R n . If the model is correct, associative ROCs should be a straight line, and the line's intercepts can be used as measures of R o and R n .
If subjects cannot recollect that new pairs are new, R n should be zero, and the ROC should approach the 1,1 intercept (as in Figure 1d ). In contrast, if subjects can recollect that new pairs are new, R n should be greater than zero, and the ROC should approach some point less than 1.0 on the upper x-axis. That is, if subjects recollect that 20% of the new pairs are new, their false alarm rate should not exceed 80%. Thus, as the false alarm rate increases, the ROC should approach the upper x-axis at .8.
If the threshold notion is correct, it should be possible to systematically vary R n . To test this notion, the likelihood that subjects would recollect rearranged pairs as new was varied across experiments. Experiment 1 was designed to make it difficult to recollect rearranged pairs as new. Word pairs were studied in a continuous list such that each word was paired with two other words. In this way, subjects had to recollect both of the words that were earlier paired with one of the target words in order to recollect that the pair was new. Recollecting only one of the previously paired words would not be sufficient to conclude that the target pair was not studied. R n was expected to be quite low under these conditions. In contrast, Experiments 2 and 3 were designed to promote recollection that rearranged pairs were new. Each word was paired with only one other word at the time of study. In this way, subjects could recollect that a pair was new if they could recollect that one of the target words had previously been paired with another word.
In summary, ROCs for item and associative information were examined in three experiments. The dualprocess model predicts that the ROCs for item information will be curvilinear. If associative judgments are based on recollection alone, however, the associative ROC should be linear. Moreover, in Experiment 1, in which recollecting rearranged pairs as new was made difficult, R n should be low and the ROC should approach the upper x-axis at 1.0. In contrast, in Experiments 2 and 3, in which recollecting that rearranged pairs are new is less difficult, R n should be greater, and the function should intersect the upper x-axis at some point less than 1.0.
EXPERIMENT 1 Method
Subjects and Materials. Twenty undergraduates participated in the experiment for a credit in an introductory psychology course. Three hundred and four words were randomly selected from the Toronto word pool for each subject.
Design and Procedure. Materials were presented and responses collected on an IBM-compatible computer. The character size of the stimuli was approximately 5 ϫ 5 mm. The stimuli were presented in uppercase letters in the center of the screen. In the study phase, a list of words was presented two words at a time. For example, the study phase began with the first and second words presented on the screen side by side. The next pair of words consisted of the second and third words from the list. In this way, each of the critical words was paired with two others. Each word pair was presented for 4 sec. The study list consisted of 300 critical words and four buffer words.
The study list was divided in half. After the first half was presented there was a 1-min break. The first and last words in each half were buffer words and were not tested. The subjects were instructed to remember the words for a later recognition memory test. They were informed that they would be required to remember which words were presented and which words were paired together.
Immediately after the study phase, the subjects received a recognition memory test for item and associative information. A random selection of items and pairs of items was presented. The subjects were told that if one word appeared on the screen they were to decide whether the word had or had not been presented in the study list. If a pair of words appeared, they were to decide whether those two words had or had not been paired together in the study list. The test list consisted of 60 intact word pairs (i.e., items that had been studied together) and 60 rearranged word pairs (i.e., items that had not been studied together), and 60 single words from the study list and 60 single new words. The pairs and items were presented in a random order, and the order of words within the pairs (i.e., left or right side) was determined randomly at test. No words were tested in two different pairs or both as an item and as part of a pair.
The subjects were instructed to make their responses on a 6-point confidence scale from sure no (1) to sure yes (6). The subjects were instructed to try to spread their responses across the scale so that they used all the response keys. The experimental session took approximately 45 min to complete. The significance level for all statistical tests was p < .05.
Results and Discussion
Figure 2 presents the observed ROCs for item and associative (pair) recognition for Experiment 1, along with functions generated by the dual-process model. For the item judgments, the probability of responding yes to old items is plotted against the probability of responding yes to new items. Performance is plotted as a function of response confidence such that the left-most point reflects only the most confident yes responses (i.e., items eliciting a "6" response) and the second point includes the items eliciting a "5" or a "6" response. Thus the 6-point confidence scale produced 5 points on the ROC. The associative ROC was calculated in the same way. The proportion of old pairs that correctly led to a yes response was plotted against the proportion of rearranged pairs leading to a yes response.
Examination of Figure 2 shows that the ROC for the item judgments exhibited a systematic deviation from linearity (i.e., an inverted U-shape), as was expected if familiarity contributed to performance. In contrast, the associative ROC was relatively flat and was fit well by a straight line, which was expected if associative judgments were based on recollection alone. Moreover, the associative ROC approached the 1,1 intercept, suggesting that subjects did not often recollect new pairs as new.
To assess the linearity of the ROCs further, linear and quadratic regressions were conducted to determine whether the ROCs exhibited a significant linear trend, and to test whether there was a significant improvement in the fit of the regression equation when a nonlinear (quadratic) component was introduced. The R 2 values associated with the linear and the nonlinear equations are presented in well by a linear function. Thus the linearity analysis supports the conclusions drawn from the visual examination of the ROCs; the item ROC was curvilinear and the associative ROC was linear.
To determine whether the ROCs could be described by a pure signal detection model, the functions were plotted in z-space ( Figure 3 ) and a linear trend analysis was conducted. If the unequal-variance signal detection model is correct, the z-ROCs should be straight lines. Examination of Figure 3 shows that the item z-ROC was close to linear, but the associative z-ROC was noticeably U-shaped. Linear trend analyses supported these observations. The R 2 values from the linearity analysis are presented in Table 1 . For the item z-ROC, there was a significant linear component [F(1,3) ϭ 3,767.33, MS e ϭ .0003], and introducing the quadratic did not lead to a significant improvement in the fit of the equation (F < 1), suggesting that the z-ROC was linear. The slope of the recognition z-ROC was .68, which is typical of other recognition memory studies. For the associative recognition z-ROC, however, there was a significant linear component [F(1,3) ϭ 216.27, MS e ϭ .006], and introducing the quadratic component led to a significant improvement in the fit of the equation [F(1,2) ϭ 26.00, MS e ϭ .001], indicating that the z-ROC was not linear. The U-shaped z-ROC observed for the associative ROC shows that the unequalvariance signal detection model was in conflict with the data and is in agreement with the notion that associative recognition relies primarily on a threshold recollection process.
Although the linear trend analysis provides a simple way of assessing the linearity of the ROCs, two points about the analysis should be made. First, there may be nonlinear functions other than the quadratic that fit the ROCs better. However, for the present data sets (Experiments 1-3), the quadratic was found to provide a very good fit to the ROCs (the average R 2 for item ROCs was .995), suggesting that the quadratic does provide a reasonable way of assessing the curvilinearity of the observed functions. Second, the regression analysis assumes that the points in each function are independent. This assumption was not met in the present experiments, because the ROCs are cumulated across response confidence. However, the cumulative method used here has been found to lead to ROCs that are similar in shape to those observed when noncumulative methods are used (see Ratcliff et al., 1992) . Most importantly, the results of the linear trend analysis converge with the conclusions drawn from the visual examination of the ROCs.
Could the results of the ROC analysis have been influenced by averaging? Although averaging across sub- jects or items could influence the shape of the ROCs, it is unlikely to have produced the differences that were observed between the item and associative ROCs. Given that ROCs were averaged in the same way for item and associative information, any artifactual effect of averaging would be expected to influence the ROCs in the same way, making the two ROCs more similar. In any case, the effect of averaging was examined by plotting the ROCs as a function of test position and subject. The linear and nonlinear aspects of the associative and item ROCs were not found to differ as a function of test position or subject. Although the individual subject ROCs were based on relatively few observations, 18 of the 20 subjects exhibited the same pattern of results as that seen in the average ROCs; the associative ROC was relatively flat in comparison with the item ROC. Moreover, in Experiment 3, a larger number of observations were collected for each subject and an analysis of individual ROCs showed that averaging across subjects was not responsible for the observed difference between item and associative ROCs.
To further assess the dual-process model, and to determine whether subjects did recollect new pairs as new, the model was fit to the observed ROCs. Figure 2 presents the model-generated functions along with the observed ROCs for item and associative recognition for Experiment 1. The model was fit to the data by minimizing the sum of squared errors between the predicted function and the observed ROC points. The procedure is analogous to conducting a linear regression to determine the slope and intercept of a line; in this case, however, the function could be nonlinear and the estimated parameters reflected recollection and familiarity. Because the functions could be curvilinear and the points in each function were free to vary in the y-and x-dimensions (i.e., hits and false alarms), the sum of squared error term included variation in hits and false alarms. The item ROC was fit to the standard dual-process model that has been used in previous recognition studies (Equation 3). The associative ROC was fit to the generalized dual-process model (Equation 6). However, because familiarity was not expected to contribute to performance, and because the linearity analysis suggested that a linear model provided an accurate account of performance, the familiarity component was not used for the associative ROCs.
An examination of Figure 2 shows that the dual-process model provided an accurate account of memory performance. For both item and associative recognition, the observed ROC points fell very close to the model-generated functions.
The parameter estimates derived by fitting the model to the observed ROCs are presented in Table 2 . As was expected, the probability that new pairs were recollected as new was quite low (.02). In fact, a single parameter version of the model (R o ϭ .35) could not be rejected in favor of the two-parameter model [F(1,3) ϭ 2.86, MS e ϭ .0003], showing that the contribution of R n was negligible. Thus the model suggests that subjects did not often recollect rearranged pairs as new.
The results of Experiment 1 showed that the ROC for item judgments was curvilinear, as was expected if performance relied on recollection and familiarity. In contrast, the ROC for associative recognition was found to be linear, as was expected if judgments were based on recollection alone. Although the item ROC was in general agreement with the unequal-variance signal detection model, the U-shape of the associative z-ROC showed that the signal-detection model could not account for performance. In contrast, the dual-process model was found to provide an accurate fit for the item and associative ROCs. Furthermore, as was expected, the probability of recollecting that a rearranged pair was new was found to be quite low, suggesting that subjects were generally unable to recollect that rearranged pairs were not in the study list.
EXPERIMENT 2
In Experiment 2, item and associative ROCs were examined again; the threshold notion was tested further, however, by making it easier for subjects to recollect that new pairs were new. Several changes were made to the procedure to increase the likelihood that subjects would recollect that rearranged pairs were new. Unlike in the previous experiment, each item was paired with only one other word in the study list. In this way, subjects could recollect that a pair was rearranged if they could recollect that either of the target items was previously paired with another item. Furthermore, a repeated study-test procedure was used, in which each study list contained 24 word pairs and the type of test was varied between lists. Because the associative judgments were blocked, and because the study lists contained only 24 word pairs, it was expected that subjects would be more likely to try to retrieve the words previously paired with the target items. It was expected that making it easier for subjects to recollect that rearranged pairs were not in the study list would increase R n . Thus, as the hit rate increased, the false alarm rate should not approach 1.0, as in the previous experiment, but should approach some value considerably less that 1.0.
Method
Subjects and Materials. Twenty subjects from the same pool as that for Experiment 1 participated in Experiment 2. Eight hundred and forty words were randomly selected from the Toronto word pool for each subject.
Design and Procedure. The design and procedure were similar to those for the previous experiment, with the following changes. The subjects were presented with 15 study-test blocks. In each block, the subjects were presented with a list of 24 word pairs. No item appeared in more than one pair, and new items were chosen for each study-test block. Each pair was studied for 3 sec. After the presentation of each study list, the subjects received a recognition test either for items or for pairs. For 10 of the 15 blocks, they were tested for associative information, and for the remaining 5 blocks, they were tested for item information. The blocks were presented in a random order such that subjects did not know what type of test they would receive until the test began. For the item tests, the subjects were presented with 24 old and 24 new items, rearranged in a random order. For the associative tests, the subjects were presented with 12 intact word pairs and 12 rearranged word pairs. As in the previous experiment, the subjects responded on a 6-point confidence scale. Figure 4 presents the observed ROCs for item and associative recognition, along with the model-generated functions for Experiment 2. As in the previous experiment, the item ROC was curvilinear, and the associative ROC was fit reasonably well by a linear function. However, a close examination of the associative ROC suggests that it exhibited a slight inverted U-shape. Unlike in Experiment 1, the associative ROC did not approach the 1,1 intercept, but approached the upper x-axis at a point considerably less than 1.0, as was expected if subjects were able to recollect that rearranged pairs were new.
Results and Discussion
To assess the linearity of the ROCs further, linear and quadratic regressions were conducted (R 2 values are presented in Table 1 . Thus, the linearity analysis suggests that the slight curve that was seen in the associative ROC was not sufficient to warrant introducing a nonlinear component.
To determine whether the ROCs could be described with a signal detection based model, the functions were plotted in z-space (Figure 3) . Examination of Figure 3 shows that the item and associative z-ROCs were relatively linear. For the item z-ROC, there was a significant linear component [F(1,3) The results of the ROC analysis are similar to those of Experiment 1 in showing that the item and associative ROCs were curvilinear and linear, respectively. However, the visual inspection of the associative ROC suggested that it did exhibit a slight curve. Moreover, unlike in Experiment 1, the associative z-ROC was not found to be significantly U-shaped, although it did exhibit a slight U-shape. Nonetheless, the nonlinearity in Experiment 2 was not sufficient to reject the unequal-variance signal detection model. Why the U-shape of the associative Note-For item recognition, d ′ refers to the distance between the means of the old and new item familiarity distributions, and R o refers to the probability of recollecting an old item. For associative recognition, R o refers to the probability of recollecting an old pair as old, and R n refers to the probability of recollecting a new pair as new (i.e., recollecting that the items were not paired together at study).
z-ROC was not significant in the present experiment will be discussed after the presentation of the final experiment. As in Experiment 1, the dual-process model was fit to the observed ROCs (see Figure 4) . The item ROC was fit to Equation 3, and the associative ROC was fit to Equation 6 (with the restriction that familiarity did not contribute to performance). An examination of Figure 4 shows that the dual-process model provided an accurate account of the recognition ROC and a reasonable approximation of the associative ROC. Note that the model would provide a better fit for the associative ROC if the familiarity process was assumed to contribute to performance; the linearity analysis suggested that the function did not deviate significantly from linearity, however, and thus the familiarity component was not utilized.
The parameter estimates are presented in Table 2 . For the associative ROC, the parameter estimate for R n was .31, representing the probability that new pairs were recollected. As expected, the probability that new pairs were recollected as new was greater than that found in Experiment 1 (.02). Unlike in Experiment 1, the singleparameter version of the model (R o ϭ .60) could be rejected in favor of the two-parameter model [F(1,3) ϭ 22.01, MS e ϭ .002], indicating that R n did contribute to performance.
In sum, the results of Experiment 2 are similar to those of Experiment 1, in that the item recognition ROC was curvilinear and the associative ROC was linear. Moreover, the dual-process model provided a reasonable account of the observed ROCs. However, unlike in Experiment 1, the associative ROC did exhibit a slight inverted U-shape and the associative z-ROC was not sufficiently curved to reject the unequal-variance signal detection model. Although the inverted U-shape seen in the associative ROC was not significant, such a curve would be expected if familiarity contributed to performance. Alternatively, the slight curve might simply have reflected measurement error or noise. For this reason, it was decided to conduct another experiment to determine whether the minor deviation from linearity would be replicated. The issue is important, because deviations from linearity may distort estimates of R o and R n , which were estimated with a linear model. A second reason for conducting an additional experiment was to test the possibility that the ROCs in the previous experiments were influenced by averaging across subjects. Although an examination of subject ROCs in Experiments 1 and 2 suggested that the average ROCs were representative of the individual subject ROCs, the subject ROCs were quite noisy because there were so few observations per subject. In Experiment 3, a greater number of observations were collected from each subject in order to examine subject ROCs more closely.
EXPERIMENT 3
In Experiment 3, each subject completed several experimental sessions, and item and associative ROCs were examined for individual subjects. As in Experiment 2, each word was paired with only one other word at the time of study. Thus subjects were expected to be able to recollect new pairs as new, the associative ROC should approach the upper x-axis at a point less that 1.0, and R n was expected to be greater than 0.0. As in Experiment 1, the subjects studied a long list of word pairs followed by a test for item and associative information.
Method
Subjects and Materials. Six psychology graduate students were paid for their participation. The word pool consisted of 900 words from the Toronto word pool plus 1,224 additional words selected from Webster's dictionary. The additional words were selected to be approximately equal in frequency and length to those in the original word pool. For each subject, the words were randomly divided into three groups, such that subjects were tested with different words for each of three sessions.
Design and Procedure. The design and procedure were the same as those in Experiment 1 except for the following changes. In the study phase, word pairs were presented one pair at a time at a 3.5-sec rate. No word appeared in more than one study pair. The study list consisted of 300 critical word pairs and 4 buffer pairs. The test list consisted of 200 pairs (half were mixed) and 200 items (half were studied). Each subject participated in three sessions, spread over a 5-day period, with each session taking approximately 45 min to complete. Prior to testing, each subject participated in at least three sessions that were similar in design to the critical sessions. The significance level for all statistical tests was p < .05.
Results and Discussion
An initial analysis was conducted on the average ROC data. Figure 5 presents the observed ROCs for item and associative recognition averaged across subjects for Experiment 3, along with the model-generated functions. As in the previous experiments, the ROC for the item judgments exhibited a noticeable inverted U-shape, and the associative ROC was fit well by a straight line. Moreover, as expected, the associative ROC approached the upper x-axis at a point less than 1.0.
A linearity analysis supported the conclusion of the visual inspection of the ROCs. The R 2 values for the item and associative ROCs are presented in To determine whether the ROCs could be described with a signal detection model, the functions were plotted in z-space (Figure 3) . Examination of Figure 3 shows that the item z-ROCs exhibited a slight U-shape, and the associative z-ROC exhibited a pronounced U-shape. R 2 values for the z-ROCs are presented in showing that the z-ROC was curvilinear. As in Experiment 1, the U-shape of the associative ROC indicates that the overall memory distributions for old and new items were not normally distributed, and the results are thus in conflict with the unequal-variance signal detection model.
As in the previous experiments, the dual-process model was fit to the observed ROCs (see Figure 5 ). An examination of Figure 5 shows that the model provided an accurate account of the item and associative ROCs. The parameter estimates for the average ROCs are presented in Table 2 , and the parameter estimates for individual subjects are presented in Table 3 . For the average associative ROC, R n was .16, representing the probability that new pairs were recollected. As expected, the probability that new pairs were recollected as new was greater than that found in Experiment 1 (.02). Moreover, as in Experiment 2, the single-parameter version of the model (R o ϭ .34) could be rejected in favor of the two-parameter model [F(1,3) ϭ 43.55, MS e ϭ .001], suggesting that R n did contribute to performance.
Subject ROCs. To examine the effect of averaging across subjects, ROCs were plotted for each subject; they are presented in Figure 6 . An examination of the individual ROCs supports the conclusions drawn from the average ROC data; the item ROCs were curvilinear, and the associative ROCs were fit well by linear functions. Linear trend analysis conducted on each subject ROC supported this conclusion. For 5 out of 6 subjects, the associative ROC was linear. Moreover, for 5 out of 6 subjects, the item ROC was curvilinear.
The individual ROCs were also plotted on z-coordinates (see Figure 7 ). An examination of Figure 7 shows that the item z-ROCs were linear, and the associative z-ROCs were U-shaped. Linearity analysis showed that five out of six item ROCs were linear, and five out of six associative ROCs were curvilinear.
The analysis of individual ROCs led to the same conclusions as did the average ROCs, showing that averaging across subjects was not responsible for the different pattern of results observed for the item and associative ROCs.
In sum, the results of Experiment 3 replicated those of Experiments 1 and 2 in showing that although the item ROCs are curvilinear, associative ROCs are linear. Moreover, when subjects were likely to recollect that new pairs were new, the associative ROC approached the upper x-axis at a point less than 1.0. The model analyses showed that the dual-process model provided an accurate account of the item and associative ROCs and that R n was greater than 0. It also showed that the average ROCs were representative of the individual subject ROCs. Finally, the U-shaped z-ROCs indicated that the signal detection process alone was not sufficient to account for the ROC data.
GENERAL DISCUSSION
The results of Experiments 1-3 show that ROCs for item judgments are curvilinear, but that ROCs for associative judgments are linear. These results were observed with the average and individual subject ROCs. The curvilinear item ROCs were similar to those found in many previous studies of item recognition and are to be expected if recognition judgments rely on a combination of recollection and familiarity. In contrast, the linear associative ROCs that were observed were predicted on the basis of the assumption that associative recognition judgments rely on recollection. Further support for the notion that associative judgments are based on recollection was gained by varying the probability that subjects could recollect that new pairs were new. Under conditions in which it was difficult to recollect rearranged pairs as new (Experiment 1), the ROC approached the 1,1 intercept and R n was close to zero, suggesting that such recollection occurred very infrequently. However, under conditions in which such recollection was made less difficult (Experiments 2 and 3), the function did not approach the 1,1 intercept and R n was greater than 0, suggesting that subjects could recollect that rearranged pairs were not in the study list.
The item recognition ROCs in all three experiments were in general agreement with both the dual-process model and the unequal-variance signal detection model. However, the associative ROCs were linear in probability space and were generally U-shaped in z-space. Thus, associative ROCs were as predicted by the dual-process model and were in conflict with the unequal-variance signal detection model. The associative z-ROC in Experiment 2 exhibited a slight U-shape, but it was not sufficient for the signal detection model to be rejected. In Experiments 1 and 3, however, the U-shape of the associative z-ROCs were sufficient to reject such a model.
Given the results of the present experiments, one could maintain an unequal-variance signal detection model for item recognition and propose some alternative model to account for associative recognition. However, the dualprocess model is preferable because it provides a unified account of both types of recognition memory. Moreover, other studies have shown that even for item recognition, there are conditions in which U-shaped z-ROCs are observed (e.g., . Thus, even in tests of item recognition, the dual-process model would seem to be more appropriate than the unequal-variance signal detection model.
It is important to note that these results do not rule out all signal detection models; it may be possible to develop more complex signal detection based models that are in agreement with the data. For example, as a potential extension of the dual-process model, one could assume that both recollection and familiarity reflect a signal detection process (for a discussion of multidimensional signal detection models, see Macmillan & Creelman, 1991) , and such a model might be able to produce the types of ROCs observed. The present results are important in showing that there is a relatively simple dual-process model that can account for item and associative recognition memory, and that the unequal-variance model that is often used has some important limitations.
Did Subjects Recollect New Items as New?
The results of the present experiments suggest that, under some conditions, subjects recollected that rearranged pairs were not in the study list. However, an informal examination of the item ROCs suggests that subjects did not often recollect that new items were new. Given that the item ROCs were curvilinear, it is not possible to derive estimates for R o and R n as was done for the associative ROCs. However, extrapolating the functions to find the intercepts should serve a similar pur- That the dual-process model (Equation 3) provided a good fit for the item ROCs provides further support for the notion that subjects did not often recollect that new items were new. The equation assumes that subjects can recollect old items but that they do not recollect new items. Moreover, subsequent analyses showed that introducing the R n term to the recognition equation did not lead to a significant improvement in the fit of the model in any of the three experiments, showing that the contribution of R n to item recognition was negligible. However, it may be possible to find conditions under which subjects are able to recollect new items as new, and under such conditions, it may be necessary to introduce R n into the model.
Are Associative ROCs Always Linear?
In contrast to the item ROCs, the associative ROCs in the present experiments were fit well by linear functions. However, there was a noticeable, although nonsignificant, curve to the associative ROC in Experiment 2, and there was one subject in Experiment 3 who exhibited a significantly curvilinear associative ROC. Deviations from linearity may arise for several reasons.
It seems likely that associative judgments may sometimes benefit from familiarity, and thus the observed ROCs should deviate slightly from linearity. First, if related word pairs were used rather than randomly paired words, associative judgments might benefit from assessments of familiarity. For example, it is likely that the word pair grape fruit would be more familiar if it had been studied as a pair than if the words had been presented in different pairs. The reason is that the concept grapefruit might become familiar, in addition to the individual words grape and fruit. If this is true, familiarity might contribute to associative judgments and the ROC would become curved. It is possible that even with the random pairing of words in the present study, some paired words were related, and this might have led to the slight curve that was sometimes observed. Alternatively, there might be conditions under which randomly paired words could be bound in such a way that the pair itself became familiar. Finally, discrepancies in familiarity might sometimes be used to make associative judgments. That is, if one item in a test pair appeared familiar and the other item was much less familiar, a subject might conclude Note-For item recognition, d ′ refers to the distance between the means of the old and new item familiarity distributions, and R o refers to the probability of recollecting an old item. For associative recognition, R o refers to the probability of recollecting an old pair as old, and R n refers to the probability of recollecting a new pair as new (i.e., recollecting that the items were not paired together at study). that the more familiar item was presented very recently and the less familiar item was presented less recently. In this way rearranged pairs might be rejected on the basis of discrepancies in familiarity, and this might also lead to a slight curvilinearity in the associative ROC. That the observed associative ROCs were fit well by linear functions suggests that those judgments were based primarily on recollection. Further studies are under way, however, to determine whether more curved associative ROCs can be observed under conditions that promote familiarity-based associative judgments.
Global Memory Models
Hockley (1991), Clark (1992) , and Clark and Gronlund (1996) have shown that dissociations between item and associative information pose problems for global memory models. Moreover, none of the global models can account for the pattern of observed slope ϫ intercept relationships observed for item recognition z-ROCs (see Ratcliff et al., 1992; Yonelinas, 1994) . At least as problematic, however, is the shape of the associative ROCs observed in the present study. The global memory models generate approximately normal distributions for old and new items and thus predict curvilinear ROCs (see Ratcliff et al., 1994 ) that will be linear in z-space. Because the models assume that the same retrieval and decision processes underlie both item and associative recognition, the ROCs for both types of information should be curvilinear. Examination of the associative ROCs in the present experiments showed, however, that the overall old and new distributions could not have been normal.
The inability of the models to account for the range of ROC results may lie in the assumption, made by all of the models, that recognition judgments are based solely on the assessment of a single familiarity process. One option would be to drop the single-process assumption by introducing a second mechanism qualitatively different from the familiarity mechanism. In fact, all of these models do possess recall-like search mechanisms that could be incorporated into recognition.
One model that may be particularly well suited to the ROC data is TODAM (Murdock, 1982) . TODAM assumes that items, which are represented as vectors, are encoded in a distributed manner across a common memory vector. The memory strength (or familiarity) of an item is determined by taking the dot product of the item and memory vector. Studied items tend to lead to higher levels of familiarity than do new items. This model predicts normal familiarity distributions, but unlike the other global memory models, it produces old and new familiarity distributions that are approximately equal in variance. Thus it would be in agreement with the dual-process model with respect to the familiarity component. Moreover, recent simulations done with the TODAM model (Kahana, 1996) show that item familiarity may be independent of recall, which is in general agreement with the assumption that recollection and familiarity are independent. Whether the recall process can be introduced in such a way that allows the model to account for both item and associative recognition ROCs, however, is not yet clear.
CONCLUSION
The results of the present experiments join a body of literature showing that recognition judgments for item and associative information are dissociated. As previously discussed, item and associative judgments differ in terms of processing time and forgetting rate, and in how they are affected by word frequency and amnesia. The observed ROCs were in agreement with predictions of the dualprocess model and suggest that the differences between item and associative judgments arise because they rely differentially on recollection and familiarity. Because item judgments rely on recollection as well as on familiarity, the asymmetrical curvilinear item ROCs were expected. Because associative judgments rely primarily on recollection, the linear associative ROCs were also expected.
